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* Forensic DNA research conducted at NIST is supported by

an interagency agreement between the National Institute
of Justice and the NIST Law Enforcement Standards Office.

Points of view in this document are those of the authors

and do not necessarily represent the official position or
policies of the U.S. Department of Commerce. Certain
commercial equipment, instruments, and materials are

identified in order to specify experimental procedures as
completely as possible.
In no case does such identification imply a

recommendation or endorsement by NIST, nor does it imply
that any of the materials, instruments, or equipment
identified are necessarily the best available for the

purpose.

Disclaimer

The NIST talks today are intended for educational
purposes

Technology is moving at a fast pace

If your favorite platform,
application, library prep,

software, etc. is not mentioned

)

Please bring it up!!!

http://www.cstl.nist.gov/biotech/strbase/pub_pres/Vallone-NGS-SWGDAM-Jan2014.pdf
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What’s in a name???

Massively parallel sequencing NGS

Second-generation sequencing

Next-generation sequencing

Whole-genome sequencing

Third-generation sequencing

HIGH-THROUGHPUT SEQUENCING

Next-generation genomics

http://www.cstl.nist.gov/biotech/strbase/pub_pres/Vallone-NGS-SWGDAM-Jan2014.pdf

Parallel Sequencing

‘A million capillary Sanger sequencer’
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Parallel Sequencing

‘A million capillary Sanger sequencer’

* Clonal vs population amplification

* Shorter reads (Range 75 to 400)

* Errors are more ‘detectable’

* High coverage 100 — 1000 - 10,000x

* Rely more on informatics to assemble
millions of short reads

Cost per Raw Megabase of DNA Sequence

;~‘~ L

National Human Genome
Research Institute
ger osts

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Moore's Law

National Human Genome
Research Institute
genon

$1K

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
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Size 10 font
8.5 x 11 paper
5,580 bases per page
13.234 Gb = 579,570 pages

As of Nov 2013 Web of Science
Articles and Reviews
“next generation sequencing”
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Non-forensic applications

¢ Clinical

* Inherited disease
* Reproductive health
« Cancer — gene fusion

¢ Rare variants

« Pre-implantation (genetic screening)
« Transplant medicine (HLA)

* Microbiomics/Metagenomics

* Gene expression | RNA seq

* Public health

¢ Ancient DNA

« NIPT (non-invasive prenatal testing)

Non-forensic applications

* Scanning Nature Reviews Genetics

e
RGO GENETICS

IEEEE Y

Generalized NGS Workflow

=500-1000 ng of Library preparation
N |
genomic DNA

Genomic
DNA

Hours to days

[ |
Fragment Ligate PCR S
to =200 bp adapters q g
One template per
bead/droplet/spot
lllumina

PGM
“lonogram”

http://www.cstl.nist.gov/biotech/strbase/pub_pres/Vallone-NGS-SWGDAM-Jan2014.pdf 5
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Generalized NGS Workflow

=1-5 ng of Library preparation
genomic DNA k

Hours to days

|
Genomic Fragment Ligate PCR TR
DNA to =200 bp adapters q 8
One template per
alternative bead/droplet/spot
lllumina

Clean up and
o quant PCR
products

Target specific genes or regions
CODIS STRs, SNPs
=500 ng of PCR product

PGM
“lonogram”

Whole Genome versus Targeted

* Whole genome

— Genomic DNA sheared and sequenced
* 500-1000 ng of DNA template

* Targeted

— PCR amplified or hybridization captured regions of
the genome are sheared and sequenced

« Start with 1-5 ng of DNA -> amplify/enrich to 500-1000 ng

Generalized NGS Workflow

Minutes - Hours

i

Mb to Gb of data

To reference sequence or de novo

coverage

FASTQ format

SAM/BAM format (aligned to a reference)

http://www.cstl.nist.gov/biotech/strbase/pub_pres/Vallone-NGS-SWGDAM-Jan2014.pdf 6
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FASTQ Format

* FASTQ - normally uses four lines per sequence.

« Line 1 begins with a '@’ character and is followed by a sequence identifier
and an optional description

Line 2 is the raw sequence letters.

Line 3 begins with a '+' character and is optionally followed by the same
sequence identifier (and any description) again.

* Line 4 encodes the quality values for the sequence in Line 2, and must
contain the same number of symbols as letters in the sequence.

) @SEQ_ID

) GATTTGGGGTTCAAAGCAGTATCGATCAAATAGTAAATCC
)+
)

PUUR((((FFE) ) 835 +4) (355%) L LxrRogx 1)) K

(1
(2
(3
(4

http://mag.sourceforge.net/fastq.shtml

Aligning Sequencing Reads

* One common algorithm is BWA
— Burrows-Wheeler Aligner
— Li H. and Durbin R. (2009) Fast and accurate short
read alignment with Burrows-Wheeler Transform.
Bioinformatics, 25:1754-60.
— Li H. and Durbin R. (2010) Fast and accurate long-
read alignment with Burrows-Wheeler Transform.

Bioinformatics, Epu b. Considerations when choosing an
alignment software

* Speed

* Memory

* Accuracy

* Variantcalling (SNPs, InDels)

SAM/BAM Format
* SAM Sequence Alignment Map Format

* Simple, tab-delimited text file

* BAM (optional compressed binary encoding)
e Twal
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http://chagall.med.cornell.edu/NGScourse/SAM.pdf
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CLC bio Sequence Viewer

CLC bio Sequence Viewer

Position 750 in the rCRS
A -> G Transition

RSB IOG ALMC OIS 6 G CATCCCCGTTCCAGT GAGTTCACECTET T

0 AGCATCCCCGTTCCAGT GAGTTCACCCTCTAMTCACCATGAT CAAAAGEGACAAGCA cacT
S54Ta M endt 4G CATCCCCGTTCCAGT GACTTCACCCTCT AMATCACCACGATCA ACAAGCATCAAGEACGEACE
AGCATCCCCGTTCCAGTCAGTTCACCCTCTARATCAC TCAAA - GCA - CAAGCATCAAGEACGCAGE,
AGCATCCCCATTCCAGT CAGTTCACCCTCTMMATCACCACGATCAAAACCGACAAGCAT CARGEACGEAGE,
CCGTTCCAGTGAGTTCACCCTCT ARATCACCACGATCAARA CACGCAG

AGCATCCCCGTTCCAGTGAGTTCACCCTCTAAATCACCACG
AGCATCCCCGTTCCAGTGAGTTCACCCT

caTCCC c CACGATCAAAAGGGACAAGCATC GCAGE
AGCATCCCCGTTCCH ccr CACCACGATCAAAAGGGACAAGCATCAAGCACGCAGE,
AGCATCCCCGTTCCAGTGAGTTCACCCTCTAAATCACCACGATCAAAAGGGACAAGCAT CAAGCACGEAGE,
AGCATCCCCGTTCCAGTGAGTTCACCCTCTAAATCACCACGATCAAAAGE: TCAAGEACGEAGE.
AGCATCCCOGTTCCAGTCAGTTCACCCTCTAAATCACCACGATCAAANGCGATAAGCATCAAGEACTCA
AGCATCCCCE GTGAGT - CACCCTCTAAATCACCACGATCAAA- GGA - CAAGC CGCACT
GG CCAGTCACTTCACCCTCTARANCACCACCATCAAAACCEACAAG AGCACGCAGL
CaG AcccT TCAC ATC) G
c A G

Variant Call Table

Reference Position

Type

i Length

i |Reference

i+ |Allele

Zygosity

i | Count

12 | Coverage

* | Frequency =
i+ | Forward-reverse balance |-
. | Average quality =

http://www.cstl.nist.gov/biotech/strbase/pub_pres/Vallone-NGS-SWGDAM-Jan2014.pdf 8
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Variant Call Table

| Quality-based vari i
Version: CLC Cenomics Workbench 6.5.1
User: ngs

Parameters:

Neighborhood radius = 5

Maximum gap and mismatch count = 2

Minimum neighborhood quality = 15

sinimum central quality = 20

Ignore non-specific matches = Yes

Ignore broken pairs = Yes

Minimum coverage = 10

sinimum variant frequency (%) = 1.0

Maximum expected alleles = 1

Advanced = No

Require presence in both forward and reverse reads = No
Ignore variants in non-specific regions = Yes
Filter 454/Ion homopolymer indels = No
Create track = Yes

Create annotated table = Yes

Genetic code = 1 standard

Comments:Edit
Found 86 variants (including reference alleles)
Originates from:

9947a_52_L001_R1_001_2 (paired) (Reads) (history)

Platforms

e lllumina
— MiSeq
— HiSeq 2000/2500
— GAlIx
« Life Technologies
— SOLID (5500 series)
— lon Torrent PGM
— lon Torrent Proton
* Pacific Biosciences
— PACBIORS Il
* 454 Roche
— GSjr
— GSFLX+

October 15, 2013 — Roche
shutting down 454
sequencing business
Will be phased out mid-2016

ﬁ On the horizon...

* Qiagen GeneReader
— Sequencing by synthesis approach
— Should be available in 2014 T — i
— QiaCube NGS (for automated library preparation)
— Qiagen has also purchased CLC bio

* Oxford Nanopore
— Ratcheting strand of DNA
through a protein manifold
— Bases are detected by a
difference in current

"

)

http://www.cstl.nist.gov/biotech/strbase/pub_pres/Vallone-NGS-SWGDAM-Jan2014.pdf 9
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Moving Targets

6 months from now these parameters will have changed

* Newer instruments

* Costs decreasing

* Throughput increasing

* Read lengths increasing

* Chemistries improving

* Library preparations — simpler/automated

* Computers faster — data storage cheaper

* Platforms leaving the market (e.g. Roche 454)

 Platforms entering the market (e.g. Qiagen
GeneReader)

Low Throughput versus High Throughput
Illumina lon Torrent PacBio RS lllumina
MiSeq PGM HiSeq 2000
Benchtop High Throughput
Instrument $128 K $80 K $695 K $256 K $654 K
Cost
Sequence 1.5-2Gb 100-200 Mb 100 Mb 30Gb 600 Gb
yield per run 316 chip
Cost/Gb $502 $1000 $2000 $148 $41
Run time 27 hours 2 hours 2 hours 10 days 11 days
Observed 0.80 % 1.71% 12.26 % 0.76 % 0.26 %
raw error
rate
Read length 150 (300) 200 (400) 1500 150 150
Input DNA 50-1000ng  100-1000 ng lug 50-1000 ng 50-1000 ng
Adapted from: Quail et al. BMC Genomics 2012, 13:341
http://www.biomedcentral.com/1471-2164/13/341

Balancing the Equation
What question are you trying to answer?

* What instrument and/or strategy is right for
my application?

Other relevant questions:

. ?
o Markers Input amounts?

* Desired level of accuracy?
* Coverage * Integrity of DNA?
¢ Mixtures present?

* Samples

* Cost (per sample and unit of information)

http://www.cstl.nist.gov/biotech/strbase/pub_pres/Vallone-NGS-SWGDAM-Jan2014.pdf 10
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Balancing the Equation
What question are you trying to answer?

Platform ‘X’ provides 2 Gb of sequence per run

* Markers

— 25 STRs and 1000 SNPs
+ 1STR =500 bp

+ 1SNP=50bp
* Coverage

— 600x =[(25*500)+(1000*50)]*600*48
* Samples S

—48

Balancing the Equation
What question are you trying to answer?

16,569 16,569

10000 10000

300 300
Total cutput required (in bases) 165,690,000 165,690,000
Outputifiow cell (bases/flow cell) 7,500,000,000 4,800,000,000
Humber of flow cells 0.02 0.03
Number of samples per flow cell 45.27 28.97

The numbsrs i this spreadsheet are reasonabls expectations assuming flow cells are clustared at the proper density. Output may vary based on
sample quaity, chuster density and other expenmental faclors Use these calculalions as estimates for planaing your runs

For about see the

http://support.illumina.com/downloads/sequencing_coverage calculator.ilmn

Multiplexing Samples - Barcoding

¢ Asample can be tagged with Unique Sequence
a unique sequence (during barcode index Possibilities

library preparation) 0y 5

NN 16
¢ The tagged samples could
NNN 64
then be sequenced together
. . NNNN 256
and separated in the analysis
NNNNN 1024
stage
NNNNNN 4096
Sarcaie songes
- P e
P M — S E—

Trade off volume of
) sarcoding s sequence information for
more samples per run

Sequencing

http://www.cstl.nist.gov/biotech/strbase/pub_pres/Vallone-NGS-SWGDAM-Jan2014.pdf 11


http://support.illumina.com/downloads/sequencing_coverage_calculator.ilmn

Dr. Peter M. Vallone 1/7/2014

Life Tech - lon Torrent - PGM

* lon Torrent launched in Feb. 2010

* lon Torrent sequencing employs an analogous
technique as pyrosequencing:
— Emulsion PCR for single copy reactors

— Non-labeled nucleotide triphosphates are flowed
over a bead on a semiconductor surface

* Hydrogen lon detection [i'/

— pH change is detected ‘ =
— No optics

lon Torrent - PGM

Constructing a Library

fragmented, frayed DNA

Frayed ends are

l enzymatically “polished”
polished DNA * Adaptor oligos ligated onto
fragments

Denatured to ssDNA
Emulsified with primer-
dsDNA with bound adaptors coated beads

l Hybridization of template to

bead
ssDNA with bound adaptors

Margulies et al. (2005) Supplementary Materials

|

lon Torrent - PGM

Emulsion PCR & Enrichment

Emulsification
& PCR

Beads coupled
to various
library templates

« Beads and templates emulsified

* Primer-coated beads bind template

* PCR amplifies template

« Enrich for beads containing PCR products
* magnetic capture

« Adaptable to automation (lon Chef)

Dressman et al. (2003)

http://www.cstl.nist.gov/biotech/strbase/pub_pres/Vallone-NGS-SWGDAM-Jan2014.pdf 12
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lon torrent PGM chip

314’ chip

* Chip flooded with one

1/7/2014

) Drain | Source Zifecokinn
nucleotide after another Silioon Substrate _recewer
* H*released when a
complementary base is [}

added to template

Charge from the ion
causes detectable pH
change AN [ TR IR
* Sequencercallsthebase ° = =« & mw W www

Sequence: .. AATCTTCTGAATTTCTGCAA. ...

g

lon Torrent - PGM Life Technologies

[llumina MiSeq

* MiSeq launched in Jan. 2011
* The MiSeq uses a sequencing by synthesis approach:
— Nextera enzymatically fragments and tags DNA
— Limited cycle PCR
— Flow cell hybridization
— Bridge PCR - clusters

* Fluorescent light detection
— Each base has a unique color
— Sequence each end of the molecule

lllumina - MiSeq

Nextera Sample Prep/Library Creation

Figure 2: Nextera Sample Preparation Biochemistry

Transposomes
o ) Genomic DNA

- 300 bp a2

§ Tagmentation

~300bp,

D illumina. pr datasheet_nextera_dna_sample_prep.pdf

http://www.cstl.nist.gov/biotech/strbase/pub_pres/Vallone-NGS-SWGDAM-Jan2014.pdf
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|"\
Index 1

+

lllumina - MiSeq

Nextera Sample Prep/Library Creation

Read 2 Sequencing Primer Index 2
\F7

& PCR Amplification

Sequencing-Ready Fragment

a2 5P lndex? o7

Nextera chemistry simultaneously fragments and tags DNA in a single step.
A simple PCR amplification then appends sequencing adapters and sample
indices to each fragment.

pr datasheet_nextera_dna_sample_prep.pdf

1/7/2014

1. PREPARE GENOMIC DNA SAMPLE

2. ATTACH DNA TO SURFACE

Illumina - MiSeq

3. BRIDGE AMPLIFICATION

Add unisbeled nudeotides and enzyme to

hp2t=21

4. FRAGMENTS BECOME DOUBLE
STRANDED

5. DENATURE THE DOUBLE-

lllumina - MiSeq

MOLECULES

6. COMPLETE

The enzyme incorporates nudeotides to

phase substrate.

buld double-stranded bridges on the soid-  templates anchored to the substrate.

php?t=21

http://www.cstl.nist.gov/biotech/strbase/pub_pres/Vallone-NGS-SWGDAM-Jan2014.pdf
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7. DETERMINE FIRST BASE

8. IMAGE FIRST BASE

lllumina - MiSeq

9. DETERMINE SECOND BASE

flow cell. Record the identity of the first base
foreach duster.

hp2t=21

1/7/2014

10. IMAGE SECOND CHEMISTRY CYCLE

11. SEQUENCE READS OVER MULTPLE
CHEMISTRY CYCLES

_, GCTGA...

After laser excitation, coliect the image dats  Repeat cycles of sequending to determine.
&8 before. Record the identity of the second the sequence of bases in 2 given fragment

base for each duster.

» singe base ot ti

http://seqanswers.com/forums/showthread.php2t=21

lllumina - MiSeq

12. ALIGN DATA

1
. GCTGATGTGCCOLCTCACTCEGTCS

CACICCIGIGG
CTCACTCCIGTGG

Align dats, compare to & reference, snd
identify sequence differences.

sequenced

500 bp
A

1stpass 2" pass

lllumina - MiSeq

Paired-end Reads
2 x 250 bp chemistry

sequenced

250 bp

IE -
sequenced
E‘l

sequenced

1tpass 2 pass

Longer fragments get single pass coverage from both ends

Smaller fragments get double pass coverage from both ends

http://www.cstl.nist.gov/biotech/strbase/pub_pres/Vallone-NGS-SWGDAM-Jan2014.pdf
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Topics for further thought

« Additional genetic markers

— SNPs (ancestry, phenotypic traits, lineage)

— Insertion Deletion (InDels)
* Data interpretation and review — level of retention
¢ STR nomenclature

— Back compatibility with existing databases

— Future searching methods
 Ethical considerations with coding region markers
* Validation of NGS systems/methods

— Use of existing standards (SRMs)

NIST SRM Support

* Further characterization of SRM 2391c, 2392,
and 2392-
* In depth sequencing of mitochondrial
genomes and core STR alleles
— Sanger
— NGS (PGM and MiSeq)
— Posters presented at the 25" annual ISFG meeting

"Additional Sequence Characterization of NIST SRM 2391c: PCR-Based DNA Profiling Standard”
http://www.cstl.nist.gov/strbase/pub_pres/Hill-ISFG2013-SRM2391c.pdf

"Characterization of NIST Standard Reference Materials by Next Generation Sequencing”
http://www.cstl.nist.gov/strbase/pub pres/KieslerISFG2013poster.pdf

Multiple NGS Platforms

* Use of multiple platforms to obtain a consensus
sequence for the SRMs
— Identify and reduce the false positives and negatives
— Identify and control for bias in a specific chemistry
and/or informatics pipeline

PGM
Hiseq Miseq consensus High co.nfldence.
sequence information
SOLiD
5500

http://www.cstl.nist.gov/biotech/strbase/pub_pres/Vallone-NGS-SWGDAM-Jan2014.pdf


http://www.cstl.nist.gov/strbase/pub_pres/Hill-ISFG2013-SRM2391c.pdf
http://www.cstl.nist.gov/strbase/pub_pres/Hill-ISFG2013-SRM2391c.pdf
http://www.cstl.nist.gov/strbase/pub_pres/Hill-ISFG2013-SRM2391c.pdf
http://www.cstl.nist.gov/strbase/pub_pres/Hill-ISFG2013-SRM2391c.pdf
http://www.cstl.nist.gov/strbase/pub_pres/Hill-ISFG2013-SRM2391c.pdf
http://www.cstl.nist.gov/strbase/pub_pres/Hill-ISFG2013-SRM2391c.pdf
http://www.cstl.nist.gov/strbase/pub_pres/KieslerISFG2013poster.pdf
http://www.cstl.nist.gov/strbase/pub_pres/KieslerISFG2013poster.pdf

Dr. Peter M. Vallone

Mitochondrial SRMs
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False Positives and False Negatives

PGM 1 PGM 2 PGM 3 HiSeq MiSeq 5500

9947A  FP 1 5 Bl 21 9 11
FN 3 4 3 3 3 3

CHR FP 2 6 10 21 9 10
FN 3 5 4 3 3 4

HL-60 FP 1 8 8 20 9 8
FN 1 2 1 1 1 1

GO 280 6,500 9,000 49,000 41,000 29,000

Calls made to the rCRS
On average 99.94 % agreement with Sanger sequencing

Heteroplasmy at Position 1,393
SRM 2392 Component B (9947A)
T || S =
: ¢ ¢ < < < ¢ ¢
e X ¢ ¢ < < 5 ¢ ¢
Fon :
(Cees & S /A in i i = /A
pit x < < < < < < <
i T < < < < < < <
o x < < < < < < <
T < < < < < < <
v — . . < . . . .
e T < < < < < < <
Heteroplasmy at 1,3937
1,393 G
‘F'.( TR ké; ;‘[ ""‘: )
F873
A L__.__!l* 6x coverage by Sanger
LI 4 2 W ,\’ TCTT T
. s * 3/6 of reads indicate
2 3 — : — y,... - -
5 e 7 low-level heteroplasmy
Q .
g F895 | ﬂ — Red circles
> Fr 4 e Not reproducible in all
§ F1095
AR AR reads
3 i1 PR
S ri769 — Not always detected by
RESRSLY AW Sanger sequencing
TR 3% e |
F1234 O
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Heteroplasmy detected

1/7/2014

by NGS at Site 1,393

* Agreement across platforms (high confidence)
= 17.6% (+ 2.6%) minor component “A”

Experiment Reference “G” Variant “A” Coverage
EdgeBio PGM 77.3% 22.7% 97 x
NISTPGM Run 1 82.5% 17.5% 2940 x
NIST PGM Run 2 83.4% 16.6% 3275x
Illumina MiSeq 83.7% 16.3% 26,234 x
lllumina HiSeq 84.4% 15.6% 62,186 x
NIST SOLID 82.5% 16.9% 24,226 x

Site 1,393 also confirmed by Niels Morling’s lab using 454 technology (Martin Mikkelsen)

Thanks for your attention!

Thanks to Tony Onorato and SWGDAM for the

invitation to speak today

Questions and discussion?

Peter.Vallone@nist.gov

301-975-4872

Outside funding agencies:
FBI - Evaluation of Forensic DNA Typing as a Biometric Tool
NIJ — Interagency Agreement with the Office of Law Enforcement Standards

http://www.cstl.nist.gov/biotech/strbase/pub_pres/Vallone-NGS-SWGDAM-Jan2014.pdf
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